Diamond particles have been produced by inductively coupled radio frequency plasma assisted chemical vapor deposition. Analysis indicates that particles having a thin graphitic surface, as well as diamond particles with no surface coatings have been deposited. Scanning electron microscopy analysis shows that particles are deposited on a pedestal which Auger spectroscopy indicates to he graphitic. This phenomenon has not been previously reported in the literature.
INTRODUCTION
The production of diamond from low pressure, low temperature processes has become an important technology as evidenced by the rapidly growing number of papers being published on this sub ject. 1 -9 Recently the largest research effort has been in the area of microwave plasma and filament assisted CVD processes, and results are generally characterized by Raman spectroscopy.1 -4 For rf plasma processes there is need for rf powers greater than 500 watts and substrate temperatures generally greater than 800 °C.s "s In addition, electron assisted CVD, thermal plasma assisted CVD, and filament assisted microwave plasma CVD have also been investigated. ' 9 In this paper we report on the preparation of diamond from CH4 /H2 gas mixtures via plasma assisted CVD, and the analysis of the resulting material.
EXPERIMENTAL
A schematic diagram of the apparatus is shown in Fig. 1 . The rf generator inductively supplied up to 500 watts at 13.56 MHz. The reaction tube was quartz with a diameter of 1.4 cm and a length of approximately 30 cm surrounded by a concentric cooling tube of quartz with a diameter of 25 mm and a length of 20 cm in a horizontal geometry. The plasma was confined to a length of approximately 20 cm within the reaction tube using quartz wool plugs at either end of the reaction tube. ! PPPP01
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Deposition pressures ranged from about 0.5 to 35 torr. Methane concentrations ranged from 0.25 to 2.0 percent in hydrogen, and total flow rates were between 8.2 and 100.0 sccm. Input powers ranged between 200 and 500 watts and substrate temperature ranged from less than 800 °C to 1030 °C. Deposition times were typically 2 hours but ranged from as short as 30 minutes to as long as 41 hours.
The substrates were typically 0.5 cm x 0.7 cm. When a graphite susceptor was used for heating, a conductive carbon paint was used to bond the substrate to the susceptor to facilitate a good thermal contact. The surfaces of silicon substrates were either polished or roughened by sandpaper, sandblasting, or Si -Si abrasion. No surface modification was attempted on the glass, quartz, nickel or boron nitride substrates. In all cases, the substrates were cleaned by sonicating in trichloroethylene and acetone. Notice that the system as presently configured was heated by the plasma, and this depended on substrate material and geometry.
RESULTS AND DISCUSSION
Deposition on glass, quartz, boron nitride and nickel were only partially successful in forming diamond particles. The use of silicon substrates resulted in the best particle coverage. Deposition of particles of various sizes and shapes were observed in all cases. The surface density of the deposited particles also varied from being very sparse (a few percent) to being relatively dense (perhaps 70 percent of surface coverage).
Polished surfaces resulted in the most sparsely populated particle deposits. In fact, deposits were virtually nonexistent except in areas of crystal defects such as cracks or edges where a roughened surface existed due to microcleavage of the silicon wafer. This was true except in the case where a layer of non -crystalline carbon was deposited on the silicon surface. In this case, particles formed on top of the carbon layer surface with a much more dense population.
Silicon surfaces which were sandblasted with aluminum oxide and abraded by rubbing two silicon wafers together also exhibited poor partical population densities. The particles deposited on sandblasted surfaces were roughly spherical in shape and typically 1.5 pm in diameter. Particles deposited on the abraded surface had a population density larger than that observed on the silicon surface types described above. The particles appeared to be somewhat egg -shaped -VACUUM and were typically about 1.5 /cm in diameter. Silicon surfaces which were sandpapered produced the largest particle population densities, for deposition parameters similar to those used for deposition on the silicon surface types described above. The largest number of depositions were made using this type of substrate, and a range of deposition parameters were investigated. When the HOPG holder was used, the substrates were cemented to the holder with carbon paint, and the substrate temperature varied from 
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1.. fflTRQDLlLGTION
The production of diamond from low pressure, low temperature processes has become an important technology as evidenced by the rapidly growing number of papers being published on this subject. 1 " 9 Recently the largest research effort has been in the area of microwave plasma and filament assisted CVD processes, and results are generally characterized by Raman spectroscopy. 1 " 4 For rf plasma processes there is need for rf powers greater than 500 watts and substrate temperatures generally greater than 800°C. 5 -6 In addition, electron assisted CVD, thermal plasma assisted CVD, and filament assisted microwave plasma CVD have also been investigated.'" 9 In this paper we report on the preparation of diamond from CH4/H2 gas mixtures via plasma assisted CVD, and the analysis of the resulting material.
EXPERIMENTAL
A schematic diagram of the apparatus is shown in Fig. 1 . The rf generator inductively supplied up to 500 watts at 13.56 MHz. The reaction tube was quartz with a diameter of 1.4 cm and a length of approximately 30 cm surrounded by a concentric cooling tube of quartz with a diameter of 25 mm and a length of 20 cm in a horizontal geometry. The plasma was confined to a length of approximately 20 cm within the reaction tube using quartz wool plugs at either end of the reaction tube. Deposition pressures ranged from about 0.5 to 35 torr. Methane concentrations ranged from 0.25 to 2.0 percent in hydrogen, and total flow rates were between 8.2 and 100.0 seem. Input powers ranged between 200 and 500 watts and substrate temperature ranged from less than 800°C to 1030°C. Deposition times were typically 2 hours but ranged from as short as 30 minutes to as long as 41 hours.
The substrates were typically 0.5 cm x 0.7 cm. When a graphite susceptor was used for heating, a conductive carbon paint was used to bond the substrate to the susceptor to facilitate a good thermal contact. The surfaces of silicon substrates were either polished or roughened by sandpaper, sandblasting, or Si-Si abrasion. No surface modification was attempted on the glass, quartz, nickel or boron nitride substrates. In all cases, the substrates were cleaned by sonicating in trichloroethylene and acetone. Notice that the system as presently configured was heated by the plasma, and this depended on substrate material and geometry.
RESULTS AND DISCUSSION
Polished surfaces resulted in the most sparsely populated particle deposits. In fact, deposits were virtually nonexistent except in areas of crystal defects such as cracks or edges where a roughened surface existed due to microcleavage of the silicon wafer. This was true except in the case where a layer of non-crystalline carbon was deposited on the silicon surface. In this case, particles formed on top of the carbon layer surface with a much more dense population.
Silicon surfaces which were sandblasted with aluminum oxide and abraded by rubbing two silicon wafers together also exhibited poor partical population densities. The particles deposited on sandblasted surfaces were roughly spherical in shape and typically 1.5 /an in diameter. Particles deposited on the abraded surface had a population density larger than that observed on the silicon surface types described above. The particles appeared to be somewhat egg-shaped and were typically about 1.5 /an in diameter.
Silicon surfaces which were sandpapered produced the largest particle population densities, for deposition parameters similar to those used for deposition on the silicon surface types described above. The largest number of depositions were made using this type of substrate, and a range of deposition parameters were investigated. When the HOPG holder was used, the substrates were cemented to the holder with carbon paint, and the substrate temperature varied from about 830 °C to about 1000 °C. Deposition parameters for sandpapered Si surfaces are given in Table 1 . In all cases the overall general shape of the deposited particles was the same. The particle sizes ranged from about 0.5 pm to about 7.5 pm, with varying degrees of other carbon deposits observable. In all cases when substrate heating was used, analysis by Auger microprobe spectroscopy resulted in nearly identical spectra. The first derivative C -KLL spectrum of a typical particle is discussed below. Two depositions were made on sandpapered Si substrates without using a substrate holder. The substrate was placed on a quartz boat within the reaction tube at about the center of the induction coil. The substrate temperature was not measured in these depositions because they were colder than the lower limit of 700 °C for the optical pyrometer. The deposition parameters for samples deposited using no substrate holder are given in Table 2 . embedded in a layer of carbon deposits has flaked away and Fig. 3b is a blow -up of this region showing the pedestals which have been left behind. An Auger microprobe analysis of these pedestals was done and and it is interesting to note the absence of any detectable amount of silicon in the pedestal.
The SEM study shows that both egg-shaped and faceted particles were deposited. It should be noted that the faceted particles were deposited when there was no substrate heating, while only the egg- Fig. 4 compares the first derivative C -KLL spectrum of the pedestal shaped particles were deposited when substrate temperatures were with a spectrum of graphite.1°b etween 800 °C and 1000 °C. This is in contrast to reports that substrate temperatures between 800 °C and 1000 °C are optimal for diamond formation from plasma assisted deposition processes.9 It can he observed from Table I that the egg-shaped particles were deposited when deposition temperatures were between 800 °C and 1000 °C for a range of other deposition parameters.
Additionally, it can be observed that a small pedestal forms beneath each of the egg -shaped particles (Fig. 2) .
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about 830°C to about 1000°C. Deposition parameters for sandpapered Si surfaces are given in Table 1 . In all cases the overall general shape of the deposited particles was the same. The particle sizes ranged from about 0.5 pm to about 7.5 /xm, with varying degrees of other carbon deposits observable. In all cases when substrate heating was used, analysis by Auger microprobe spectroscopy resulted in nearly identical spectra. The first derivative C-KLL spectrum of a typical particle is discussed below. Two depositions were made on sandpapered Si substrates without using a substrate holder. The substrate was placed on a quartz boat within the reaction tube at about the center of the induction coil. The substrate temperature was not measured in these depositions because they were colder than the lower limit of 7QO°C for the optical pyrometer. The deposition parameters for samples deposited using no substrate holder are given in Table 2 . Fig. 3a is a micrograph which shows a region where particles embedded in a layer of carbon deposits has flaked away and Fig. 3b is a blow-up of this region showing the pedestals which have been left behind. An Auger microprobe analysis of these pedestals was done and and it is interesting to note the absence of any detectable amount of silicon in the pedestal.
The SEM study shows that both egg-shaped and faceted particles were deposited. It should be noted that the faceted particles were deposited when there was no substrate heating, while only the egg- Fig. 4 compares the first derivative C-KLL spectrum of the pedestal shaped particles were deposited when substrate temperatures were with a spectrum of graphite. 10 between 800°C and 1000°C. This is in contrast to reports that substrate temperatures between 800°C and 1000°C are optimal for diamond formation from plasma assisted deposition processes. 9 It can be observed from Table I that the egg-shaped particles were deposited when deposition temperatures were between 800°C and 1000°C for a range of other deposition parameters.
Additionally, it can be observed that a small pedestal forms beneath each of the egg-shaped particles (Fig. 2) . The Auger study indicates that the egg-shaped particles exhibit a C -KLL lineshape characteristic of a graphitic structure in all cases. This, however, is only an indication of the structure of the surface of the particles since the escape depth of a 270 eV (carbon KLL line) Auger electron is only about 7k. Therefore, it is possible the eggshape could result from the final deposition of graphitic carbon on top of a diamond particle, smoothing out any faceting which would exist. The faceted particles exhibit C -KLL lineshapes characteristic of diamond.1o, 11 
CONCLUDING REMARKS
The analysis of the egg -shaped particles indicates that they at least have a graphitic surface layer. Additionally, it has been determined from our SEM studies that these particles always develop on a pedestal region. This is a phenomenon which has not been previously reported. Subsequent Auger analysis indicates that the pedestals have a graphitic structure. The fact that these particles only deposit on a graphitic pedestal may provide some clues to the kinetic processes going on during their formation. This may also shed some light on the process of diamond nucleation.
Auger microprobe analysis of the faceted particles indicates that these have a diamond structure. These particles were only deposited when no substrate heater was used and only the egg-shaped particles were deposited when a substrate heater was used. This indicates that the optimal depositon temperature may he somewhat dependent upon the configuration of the deposition system for an rf plasma assisted process.
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